ABSTRACT: We evaluated the pathogenicity of the entomopathogenic nematodes native to Mexico, Heterorhabditis indica, Heterorhabditis sp. and Steinernema sp., towards M. domestica under controlled conditions. For adults, concentrations of 1,600 (A) and 1,200 (B) nematodes/ml were considered. For larvae, only the first concentration applied to filter paper, wheat bran, and peat moss as substrates was evaluated. An analysis of variance showed that the differences in adult mortality were only significant (p = 0.0001) among nematode species but not among concentrations within species. However, differences were significant (p = 0.0001) when data were analyzed when 50% of the individuals died (LT 50 ). For H. indica, the LT 50 were 46.5 h and 65.8 h for the concentrations A and B, respectively. Females were more susceptible than males. H. indica recorded the highest mortality, with 79.2% and 35.5% for females and males, respectively. Significant differences (p ≤ 0.05) were recorded in larval mortality. H. indica induced the highest mortality (53.3%) when applied on peat moss. The results are a fundamental basis for future management studies of M. domestica by entomopathogenic nematodes. Journal of Vector Ecology 43 (2): 312-320. 2018.
INTRODUCTION
The house fly Musca domestica L. (Diptera: Muscidae) originated in Africa (Legner and McCoy 1966, Pinnock and Mullens 2007) and currently has a cosmopolitan distribution (Marshall 2012) . M. domestica is one of the main pests of medical and veterinary importance. Its importance comes from the wide range of diseases it transmits, both to domestic animals and humans (Manrique-Saide and Delfín-González 1997, Béjar et al. 2006 , Vasan et al. 2008 . When many livestock facilities and slaughterhouses are located near residential areas, the M. domestica problem with regard to humans is intensified.
Even though cultural, biological, and ecological strategies are known and recommended for the management of M. domestica, the use of chemical insecticide remains one of the most used strategies (Malik et al. 2007, Martiradonna and Soto 2007) . However, chemical control involves other collateral problems, including mortality of non-target organisms, potential environmental pollution, chemical residues in food, and damage to human health (Pimentel and Edwards 1982) . In addition, M. domestica has developed resistance to conventional insecticides (Brogdon and McAllister 1998, Martiradonna and Soto 2007) . This is a reason for searching for more healthy alternatives for controlling the house fly, and biocontrol has been one of the most studied (Malik et al. 2007, Pinnock and Mullens 2007) . One of the groups that has received special attention are the entomopathogenic nematodes (EPNs) of the Heterorhabditidae and Steinernematidae families (Geden 2012) . The high pathogenicity of EPNs towards insects is due to the mutualistic association they keep with bacteria in the genera Xenorhabdus and Photorhabdus, which cause insect death 24 to 48 h after nematode entry (Georgis et al. 2006) . Unlike other entomopathogens, nematodes show search capacity and they enter the insect both by natural orifices (mouth, anus, and spiracles), and through the cuticle, as do species of Heterorhabditis spp. (Griffin et al. 2005) .
Several studies document the pathogenicity of EPNs for house fly larvae and adults, both under laboratory conditions and in animal farms (Geden 2012) . However, the wide distribution of EPNs species and the cosmopolitan distribution of M. domestica suggest a wide climatic variety, a reason to carry out studies with local nematode species with a likely higher adaptation to those conditions.
There are no known studies in Mexico documenting EPN potential for fly management, even though the insect is considered as an important public health problem (ManriqueSaide and Delfín-González 1997). Therefore, the objective of our study was to evaluate, in controlled conditions, the pathogenicity towards Musca domestica of the nematodes Heterorhabditis indica, Heterorhabditis sp., and Steinernema sp. native to Mexico.
MATERIALS AND METHODS

Nematode rearing and maintenance
The species H. indica, Heterorhabditis sp., and Steinernema sp. were used. H. indica was collected in Tabasco, Mex. (Cortez-Madrigal et al. 2003) , while the other two species were collected in 2012 in the protected zone "Los Chorros del Varal, " Los Reyes, Michoacán. The nematodes were reared in Galleria mellonella larvae and those used for the assays were 15 days old, counting from emergence. The nematodes were kept in water at 8 ± 1º C.
Musca domestica rearing
Musca domestica adults were collected from the cowshed "El Bendillo, " municipality of Cojumatlán de Regules, Michoacán, México. A protocol for insect rearing was established for a temperature of 25 ± 2 o C and a photoperiod of 12:12 (L:D). The isolation of M. domestica from other species of the family was based on the fourth wing vein R4, which in M. domestica is found angular (Borror and White 1970) . They were placed in a cage built with wire and tulle fabric, measuring 40 x 40 cm, and the feeding of the adults was based on a sugar solution (20 g of sucrose/150 ml of water) placed in 250 ml containers with a cotton ball to feed the flies.
Based on the fact that flies are attracted to moist organic matter for oviposition (Vasan et al. 2008 ), a substrate of 200 g of wheat bran and 30 g of whole milk powder (NIDO ® ) with drinkable water to provide moisture without excess. The substrate was put in plastic containers with a capacity of 250 ml and the flies were exposed for 8 h. After 48 h, in a different container of 500 ml, another amount of substrate was added so the larvae could continue their development. After five to six d, the plate with the pupae was removed and placed in the cages for adults previously described, with a sugar solution for the feeding of the recently emerged adults. At the beginning of the emergence, the plate was removed and the adults with a known age were used in the bioassays.
Bioassays with adults
From nematode cultures (≤15 days), suspensions of infective juveniles (Ji) at concentrations of 1,600 (A) and 1,200 (B) nematodes/ml were prepared. Within a plastic 3x4 cm container, covered on the inside with a paper towel, the corresponding amount of nematodes was added, plus distilled water to favor nematode activity. An adult fly was immediately placed in each container along with a cotton ball with sugar solution (sucrose) as food. The containers were closed with the corresponding lid, previously pierced to favor gas exchange. Five treatments were established, constituted by concentrations and nematode species, with three repetitions and ten individuals per repetition; a control treatment with no nematodes was also used. Mortality in the control was corrected by the Abbott formula (1925).
The bioassays were performed at 25 ± 2° C and 34 h later mortality was monitored, after which the readings were made every 4 h over five days. The corpses were placed in White traps for the emergence of infective juveniles. The suspension of Ji obtained per adult was adjusted to 10 ml. One ml was deposited in a Petri dish with a grid at the base, and the nematodes were counted. The number obtained was multiplied by ten to get the total of Ji. Simple tests (with one replicate) of pathogenicity of the Ji were established with larvae of G. mellonella. The data were processed through descriptive statistics, analysis of variance (ANOVA) under a completely random design. Mean separation was made by Tukey (0.05). To estimate the time at which 50% of the population died (LT 50 ), a logistic regression or probit analysis was performed, according to the best adjustment. The statistical package SAS ® (1997) was used. Due to a problem with Steinernema after the test with the high concentration (probably because of the loss of the symbiont bacterium), only Heterorhabditis spp. were used.
Effect of M. domestica sex on nematode pathogenicity
Musca domestica adults were captured in glass vials of 1.5 x 5 cm (diameter and height, respectively). The individuals were sexed under a stereoscopic microscope (Zeiss ® , Alemania). This was based on fly sexual dimorphism, with males having the eyes closer together (holoptic) than females (dichoptic).
The methodology for the bioassays with males and females was similar to the one used for adults, with the difference that only concentration B (1,200 nematodes/ml) was evaluated. The treatments were performed with both sexes; two with the addition of nematodes and the two without them were used as controls. The experiment was performed in three replicates, each one of a set of ten flies. The bioassay was maintained at 25 ± 2° C and after 36 h, mortality readings were made (36, 47, 69, 90, 110 h) to estimate the LT 50 . In order to select the best treatment, an ANOVA was used and mean separation was made by Tukey (0.05) and also by a logistic regression or probit. According to the adjustment, the LT 50 was estimated. . For analysis, we used SAS statistical software.
Bioassays with larvae
Based on previous tests, a concentration of 1,200 nematodes/ml was added in Petri dishes with filter paper plus distilled water to provide the moisture favorable to the nematodes. Ten three-days-old fly larvae were immediately placed in the dishes, which were then sealed and incubated at 25 ± 2° C. Three repetitions were established with a control lacking nematodes. After two days, the Petri dish was opened to check for larval mortality or infected larvae symptomatology; the corpses were placed in White traps for the emergence of infective juveniles. The data were processed through an analysis of variance (ANOVA), and the mean separation was made by Tukey (0.05), using SAS statistical software.
Two other tests consisted of the addition of 1.5 g of substrate to 3 x 4 cm containers. Wheat bran and peat moss (Cosmopeat® Cosmocel, México) were evaluated; ten fly larvae of three days of age were added per substrate. A suspension of 1,200 Ji/ml was immediately placed on the corresponding substrate. The experiment was replicated three times and a control without nematodes was included. The containers were maintained on the controlled conditions previously mentioned and were checked by daily searching for mortality by nematodes. The analysis of the treatments was similar to the previous one.
RESULTS
Adult mortality
Even though the natural color of the adult fly limited the identification of the symptomatology of EPNs infection, it can be inferred by the absence of odor and the reduced mortality of control, that the nematodes were the cause of mortality in the M. domestica adults. In addition, some specimens killed by the Heterorhabdititis spp. showed a reddish coloration in the ventral region of the abdomen (Figure 1) , probably due to the bacteria Phothorabdus sp. associated with the nematode. The number of juveniles emerging from an adult fluctuated between 1,860 and 2,300 nematodes in approximately seven to nine days. In all cases, the obtained juveniles were pathogenic towards larvae of the wax moth G. mellonella. The mortality recorded in the control was 6.6%.
According to the results, the three nematode species caused mortality in M. domestica adults. However, the differences were only significant (p≤ 0.05) between nematode species but not between concentrations within species. The highest mortality (86%) was recorded in the species H. indica and the lowest one (30%) in Steinernema sp. No significant differences were found between this species and Heterorhabditis sp. (Figure 2) .
On the other hand, based on confidence intervals of LT 50 , significant differences were recorded (p = 0.0001) among the three species of nematodes when evaluated at a concentration of 1,600 nematodes ml -1 (A). Based on mortality velocity, the most rapid was H. indica, with a LT 50 of 46.5 h (41.7-50.7 h) and the slowest one was Steinernema sp. with a LT 50 of 88.7 h (82-112.8 h; Figure 3) . When the LT 50 of H. indica treated with both concentrations was evaluated, the ANOVA trends were confirmed. The LT 50 for the concentration "A" was 46.5 h (41.7-50.7 h), significantly lower (p = 0.0001) than the one for concentration "B", which was 65.8 h (59.1-68.5 h; Figure 4) .
Effect of M. domestica sex on nematode pathogenicity
The ANOVA showed statistically differences between treatments (p ≤ 0.05). A higher mortality was recorded in females than in males, H. indica being the species with the highest mortality (79.2%), while Heterorhabditis sp. reached a mortality of 51.5%. However, under this analysis no statistically differences were detected in the pathogenicity of both species towards males (Figure 5 ). At the end of the experiment (135 h), mortality in the control was 10%.
Considering the most pathogenic isolate (H. indica) towards M. domestica adults, the LT 50 analysis allowed for the identification of a greater mortality velocity (74.8 h) in females than in males, which was 92.6 h ( Figure 6 ).
Larval mortality
The two Heterorhabditis spp. were pathogenic towards domestic fly larvae, and Ji were obtained from the corpses. The ANOVA showed significant differences between treatments (p ≤ 0.05). Although not always with statistical differences, the H. indica species was the nematode that showed a trend to a higher fly larvae mortality, independent of the evaluated substrate. However, the treatment that recorded the higher mortality was the peat moss substrate + the species H. indica, with a mortality of 53.33 ± 5.77, while the treatment with the lowest mortality was wheat bran + the species Heterorhabditis sp. with a mean mortality of 3.33 ± 5.87 (Figure 7) . No mortality was recorded in the control.
DISCUSSION
Several studies have documented EPNs pathogenicity towards house flies, most of them focused on immature stages of the insect (Beltón et al. 1987 , Georgis et al. 1987 , Taylor et al. 1998 , Mahmoud et al. 2007 , Archana et al. 2017 . Some authors have reported excellent larval control in poultry manure (Belton et al. 1987 , Renn 1995 , while others have established that poultry manure is toxic to EPNs (Georgis , Taylor et al. 1998 , Archana et al. 2017 ; however, nematodes thrive better in other types of manure (Geden et al. 1986 , Georgis et al. 1987 , Renn 1998 , Taylor et al. 1998 , especially when it is mixed with soil (Geden 2012) . We recorded a wide variability in house fly larval mortality that was a function of the species and substrates. Thus, larval mortality increased significantly when the bioassay was implemented with peat moss (53.3%), compared to the mortality obtained with wheat bran as substrate (3.3%). Although both are based on organic matter, differences exist between them; peat moss contains 68-82% of organic matter, while wheat is 100% organic matter. It is known that substrates with high percentages of organic matter foster microorganism development that reduces available oxygen. It can reduce nematode survival (Hazir et al. 2004 ). This could be a cause of the low mortality from the nematodes in wheat bran. Other results have also shown differences in house fly larval mortality according to the used substrate. For example, Archana et al. (2017) recorded a higher larval susceptibility in filter paper than when the nematodes were added together with an artificial diet for the larvae.
This suggests that the substrate and the methodology used in the evaluation of the entomopathogenic nematode have a fundamental importance on the results. However, the documented studies with fly larvae do not mention the substrate characteristics (manure) where the nematodes were evaluated (Beltón et al. 1987 , Georgis et al. 1987 , Renn 1995 , Renn 1998 , Taylor et al. 1998 , Mahmoud et al. 2007 , Archana et al. 2017 . It is clear that chicken manure is not the same as bovine or pig manure. In the same manner, the physicalchemical characteristics of manure would be a function of the food provided to the animals.
As nematodes are natural habitants of the soil, the physical-chemical characteristics would affect their survival and activity (Stuart et al. 2006 , Sánchez-Saavedra et al. 2012 . Additionally, nematodes of lesser diameter and size could act better in reduced pore substrates. The used species H. indica has a size of 500-700 µm, which classifies it as one of the species with the smallest size (Poinar et al. 1972) .
Unlike soil, manure structure would not be apt for nematode movement, as recorded by Georgis et al. (1987) for three entomopathogenic nematode species in chicken manure. It is known that the materials in which the house fly oviposits are constituted of 100% organic matter (Chapman et al. 1993, Aizawa and Yoshino 2001) . We might infer that the mortality caused by the nematodes in those environments would be limited. Hence, the research on entomopathogenic nematodes for house fly larval control is apparently contradictory (Geden 2012) . Probably the mortality could be increased if application times were better researched according to the fermentation grade and type of manure.
A supplementary alternative to larval control could be fly adult management through nematodes, a strategy that has been little explored (Renn 1995 (Renn , 1998 . The results of our study recorded a higher susceptibility of M. domestica adults than that of larvae towards entomopathogenic nematodes under laboratory conditions. In contrast, Geden et al. (1986) recorded a lower susceptibility of adults than larvae towards nematodes. The differences could be due, among other factors, to nematode species and race, but also to substrate, methodology (including doses) and data analysis. For example, the evaluations made by Geden et al. (1986) were with the species Steinernema feltiae, S. glaseri and Heterorhabditis heliothidis applied with sugar baits in cotton balls. In our case, the bioassays were made in filter paper and at relatively low doses (1,200 to 1,600 nematodes/ adult). Although not entirely comparable, the mortality obtained in the present investigation through the species H. indica was higher (86%).
The analysis techniques must also be considered. An analysis of variance of the final mortality cannot reflect the real virulence of an entomopathogen. The analysis of mortality time could be a better analysis. In the present study, the analysis of the final mortality between high and low concentration of nematodes did not show statistically significant differences. However, when data were analyzed according to the time when 50% of the population died (LT 50 ), differences between doses were found. It is clear that this analysis will allow for a greater efficiency and economy in the entomopathogenic nematodes used in the field.
For adult control, nematodes could be released through devices designed ex professo for attracting and contaminating the insects. In that respect, Renn (1998) found that the species H. megidis and S. feltiae, formulated as encapsulates and baited with the insect sexual pheromone Z-9-tricozene, provided better results than the methomyl insecticide for controlling house fly adults.
The differences found in the present study in male and female susceptibility towards nematodes agree with the ones reported by Renn (1998) , who mentions that females remain a larger time at rest than males. Consequently, nematodes have more time to infect them. During the present investigation, it was observed that some flies remained up to 5 min at rest during their feeding time. That time can be enough for nematode infection.
The fact that females are more susceptible than males to infection by nematodes opens greater possibilities for fly management, such as through the self-dissemination strategy. It consists of the use of baited traps as attractants. When insects enter the trap, they become contaminated with the entomopathogen, and when they exit they can transmit it to other individuals of the population (Vega et al. 2007) . Apparently, the self-dissemination technique has not been explored sufficiently for entomopathogenic nematodes. Perhaps in insects such as the house fly, their potential could be explored through special devices. Nematode dispersal by female flies into ovipositing sites would allow, together with the adult death, for the dissemination of nematodes into the substrate and the eventual larval infection and death.
Preliminary studies with prototypes of devices with food attractants (unpublished data), showed a mortality of 87% of fly females, significantly higher than for males (37%). Baiting the device with the commercial sexual fly pheromone Z-9 Tricozene could increase efficiency in attracting the insect.
Out of eight documented studies, only two involve the H. indica species with contradictory results. While Taylor et al. (1998) did not record larval mortality with the H. indica species, the research carried out by Archana et al. (2017) classifies the H. indica species as the most promising one (100%) out of five species of nematodes evaluated. Additionally, it was the species with the highest survival in chicken manure. In the present study, the Heterorhabditidae showed the greatest potential in M. domestica adult and larvae control, where the species H. indica stood out. This is also the first record of susceptibility of adults to H. indica.
The morphological characteristics of M. domestica larvae and adults, with a sucking type buccal apparatus and reduced spiracles, could be considered limiting for the entry of some nematode species (Renn 1998) . Species in the Heterorhabditis genera are characterized by their motility and search capacity (Pinnock and Mullens 2007) , a quality that probably makes them more efficient for infecting M. domestica as it was observed in the present study. Additionally, the reduced size of H. indica could favor the entry in fly immatures and adults.
The wide distribution of M. domestica suggests an associated wide climatic variability that would affect the biotic insect regulators in a differential manner. Particularly for the entomopathogenic nematodes, the variability in species and races in the different regions has an enormous interest for house fly biological control. The results strengthen the idea that before introducing new species of natural enemies for the control of pests, it is recommended to first explore and evaluate the native organisms that are presumably better adapted to local conditions.
